Introduction
The adaptive remodelling capacities of bone are immensely important for orthopedic surgery. It has long been known that bones adapt to the functional mechanical demands to which they are exposed. Reduced mobility and lack of weight causes osteoporosis -loss of bone mass. Excessive training increases bone mass, bones affected by trauma outgrow their maldeformities and teeth subjected to abnormal external forces migrate through the jaw bone. This principle of functional adaptation in bones has become known as Wolff's law. Many orthopedic surgical procedures are based upon its workings.
Wolff's law is also important for the success for failure of joint replacement. Artificial ioint comDonents transfer stress to the bone tissues to which they are bonded.
J
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When these stresses are abnormal-non physiological-the bone tissue adapts locally by resorption or deposition of bone (Rosenberg 1989; Sumner et al. 1992) . Because the artificial components do not adapt, the bone remodelling process may result in a loss of fixation and, eventually, failure of the replacement. The stress distribution around a prosthesis depends on the joint loads, but also on the prosthesis design, material properties, and bonding characteristics (Huiskes 1991) . Hence, the adaptive process is also governed by these factors. For example, the femoral stems in total hip replacements are known to reduce the-stresses in the bone surrounding the implant, relative to normal conditions ("stress shielding"). The degree of stress shielding depends on the stiffness of the stem, i.e., a stiffer stem leads to greater stress reduction than a flexible stem . It has been shown in animal experiments (Bobyn et al. 1990) and in clinical radiographic studies (Engh and Bobyn 1988) that stiffer stems produce more bone resorption than flexible ones, thus confirming the assumed rei ationship between bone stresses and functional adaptation. Awareness of these relationships is important in orthopedic surgery, as "it is possible theoretically to predict the therapeutic result to be obtained by taking full advantage of the remodelling force" (Wolff 1892; p. 87 in the'translation by Macquet and Furlong). However, Wolff has not provided the means of actually predicting the outcome of adaptive remodelling processes, other than in a general qualitative sense. In contemporary clinical orthopedics, Wolff's law is a passive asset: bone remodelling phenomena seen in patients are often understood as typical demonstrations of Wolff's law. This adds to the intuitive awareness of the surgeon and thus to the art of orthopedic intervention. However, actual predictions are hardly ever made, certainly not in a quantitative sense. Still, as Wolff suggested 100 years ago, the theoretical possibility for actual predictions does exist. All it requires is a "quantitative formulation of Wolff's law" (Hayes and Snyder 1981) , in which the relationship between bone stresses and remodelling is described mathematically. Studies attempting to reach this goal have been performed during this century (Treharne 1981; Roesler 1987) . In recent years, new advances have been made, largely owing to the possibilities of mathematical simulation offered by computers. These conditions, together with the increasing popularity of total joint prostheses, have created a new interest in the research pathways that were first taken by Wolff and his contemporaries. These advances, their prospects, and the scientific controversies and debates they created, are briefly discussed in this article.
The Biological Control Process and Its Goal
A key factor in the development of Wolff's law was the discovery by Meyer and Culmann (described by Wolff in 1892) of the similarity between the trabecular structure in the proximal femur, seen in the anatomic specimens of Meyer, and the stress trajectories calculated in the mathematical models of Culmann. Wolff saw proof in this similarity for his trajectorial hypothesis, and this led to the notion that the shape and internal structure of bones are optimized relative to functional -or mechanicalrequirements. This was not a new idea; much earlier the notion of functional optimization in organisms had been considered (Roux 1881) .
In recent years, structural optimization has become very important in science and technology, notably to find the best combination of parameters for systems in which the variables are interdependent. For example, airplane wings are optimized to provide both adequate strength and minimal weight. To accomplish that, these two design goals are described mathematically and the best solution for the combination of the relevant design parameters is determined in a computer optimization procedure. This information is then applied in the design and in the eventual assembly.
Although the mathematics of such a procedure may escape many a person, the concept as a whole of it is quite straightforward. The reverse process, however, is not simple at all, not even in principle. How does one infer from the shape and the structure of an airplane wing that adequate strength and minimal weight were the optimization goals of its design, assuming that this was unknown? Of cou;se, it makes sense, and hence is not hard to guess, particularly not for a bird watcher! But how to assess it unequivocally? This is precisely the question we are faced with when considering the shape and structure of bones as optimized relative to mechanical function. And since bones do not speak, and their designer is not available for questioning, the only way left open for an answer is to assume optimization goals that make sense, see what kind of structure these would produce in an optimization process, and compare that to reality. In this way, it was discovered that the optimal structure for a long, prismatic member which is to have minimal weight and optimal resistance against multipleplane bending, torsion, and axial loading, is a hollow shaft, similar to the diaphysis of a bone (Wainwright et al. 1976) . However, a similar explanation for the metaphyseal and epiphyseal structure of bones. has not been found, sensible qualitative explanations notwithstanding (Currey 1984 ).
Wolff's trajectorial hypothesis suggests that the density, thickness, and relative orientations of trabeculae are optimized to provide for minimal weight and minimal stresses. However, no one has yet formulated these optimization criteria mathematically and shown that the actual trabecular bone structure is what one obtains in an optimization procedure. Hence, the questions whether bones are optimal structures, and if so, for what goals, precisely, have no definite answers as yet. Nevertheless, observations such as Wolff's trajectorial hypothesis are too realistic to be merely fortuitous, and provide excellent guidelines for directions of research. In my opinion, given the progressive development of computer methods, the answer is only a matter of time. As we will see later in this article, we are well on our way already.
A much more complicated question than what they are formed for, is how bones are formed. For those who reject the (literally) "deus eXJI1achina" for an answer, the scale of this question can hardly be exaggerated. This structure is subject to development during growth, maintenance in normal bone turnover and adaptation after a change of function. These activities are all performed by cells having a relatively small range of influence, but together they all contribute to the "masterplan" of the construction. It is very unlikely that the activity of every cell toward the realization of the masterplan is preprogrammed in and governed by the genes (Carter et al. 1991) . Hence, an image emerges of an analogy, whereby millions of bricklayers, each having a few of bricks and a bit of mortar at his disposal, together produce a building without continuing guidance from a central authority. The assumption that adequate development, maintenance, and adaptation of constructions can be organized in tlfis way is of a staggering implication. Nevertheless, this implication is precisely what Wolff accepted when he wrote that "the outstanding efficacy in providing everywhere the most appropriate element up to the last molecule and the finest structural detail can no longer be considered as teleological, but as mechanical;' a notion he based on Roux (1881) . So the question in our time and age is whether we can devise~-conceptu ally, a realistic biological control process based on individual local cell activity, which produces, maintains, and adapts a functionally fit structure such as bone. As we will see below, the answer to this question is beginning to lean towards the affirmative.
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Characteristics of a Biological Control Process
The conceptual characteristics of a biological control process of the kind discussed in the previous section are illustrated in Fig. 1 . For such a process to work requires actors, sensors, and signals. The whole idea of functional adaptation, when this function is a mechanical one, presumes that the signal is also mechanical and can be evaluated locally by a sensor. Every local mechanical signal conceivable derives its value from the external loads, shape, and internal structural organization of the whole bone. Conversely, every contribution of a single actor in resorption or deposition of bone affects the shape or internal structure of the bone as a whole, and hence indirectly influences the signal values in every location. This means that although the bone remodelling "unit" is a local one, every unit is coupled to the others by the mechanics of the whole bone. This is an important conclusion out of this simple conceptual scheme, because it already presents the key for an answer to the questions posed in the previous section.
The actors in this biological control process are, no doubt, the osteoclasts and the osteoblasts. Less certainty exists about the nature of the sensors (or mechanorecep- . It may be that the osteoclasts playa role here as well, but it is widely assumed that the osteocytes, in combination with the lining cells, are the best candidates for this function . Owing to their placement and morphology they could well function as "strain gauges" (Cowin et al. 1991) , and it is hard to imagine what else they would be for.
The mediator, the biochemical messenger which is used by the sensor to stimulate the actors, is also unknown. Possibly prostaglandins playa role here (Rodan et al. 1975; Binderman et al. 1984) . The most prominent unknown in the scheme, however, is the mechanical signal, the variable derived from the mechanical loads which triggers the biological process. Of course, the number of candidates for this role is limited. The immediate mechanical effects ofloading a bone are deformations, mathematically represented by local strains. These deformations cause stresses, they store and release elastic energy, dissipate energy in the form of fluid flow, electromechanical transformations, or heat, they pressurize cells and generate microcracks. These phenomena all relate to the magnitudes (or amplitudes) of the local strains, but some also depend on other variables such as strain rates, frequencies, or numper ofloading cycles. They could all, hypothetically, be sensed by cells, but there is not enough evidence yet to prefer one over the other.
From a theoretical point of view, it makes sense to consider strain as the basic mechanical signal, because, as has been said, it is the immediate local effect of external bone loading. For the sake of simplicity, we may consider an arbitrary strain component as a periodic function in time £(t), eveloped in a Fourier series
(1) i=l with Ei the amplitudes and Wi the frequency spectrum. If the remodelling signal is related to the magnitudes of the load, then only the amplitudes would playa role. However, if it is related to loading rates, the derivative of the strain signal is important, which is proportional to the product of amplitudes and frequencies £iWi. It is fairly certain that static load alone presents no stimulus for bone remodelling (Lanyon and Rubin 1984) , hence we should probably look for a combination of strain amplitude and frequency. It has also been found that a few cycles of dynamic loading per day are sufficient to maintain bone mass (Rubin and Lanyon 1987) . On the one hand, it is certain that the biological mechanism to remove or deposit bone takes time, in the sense that a remodelling signal is not instantly translated into a change in bone mass. On the other hand, it is intuitively obvious that the time for bone to react to a mechanical signal is finite. Or, in other words, that the signal Set) is probably made up of a "recent" loading history, for instance a function
Of the above-mentioned effects of bone deformations, which are all candidates for signals, microcracks playa special role (Burr et al. 1985) . In fact, assuming microcrack development as the stimulus for bone remodelling is very tempting for a number of reasons (Prendergast 1990; McNamara et al. 1992; Prendergast and Huiskes 1996) . First of all, it relates normal bone turnover directly to development, maintenance, and adaptation. The continuous physiological process of resorption and deposition (Parfitt 1984) makes no sense other than as a repair process for micro damage. If we assume, for example, that resorption is a continuous process at a fixed rate, and the deposition rate depends on the amount of damage accumulated, then development, maintenance, and adaptation can be understood as direct effects of the net result of this process. Secondly, bone repair is a well-known biological phenomenon; any other assumption for a stimulus effect requires the introduction of biological mechanisms of which the actual existence is unknown. Thirdly, the development of microdamage is automatically related to the dynamic loading history, which is not the case for the other possibilities mentioned above.
,"-' -There is also criticism of the idea of microcracks as a driving force for remodelling. First of all, it is often suggested that, although they have been seen in histology of bone, their incidence is not such as to suggest it as the basis for a physiological mechanism. This may well be so, but there is no reason to assume that these microcracks should be detectable in normal histological investigations. In view of the complex micromorphology of bone, it is entirely possible that the initial damage to be repaired occurs at a submicroscopic level. A second argument often used is that the (fatigue) strength of bone is much higher than the physiological stresses resulting from normal daily functioning. In other words, damage would only occur in strenuous exercises. However, bone is a composite material, even at the microlevel, and it is known that in such materials microcracks may occur even at very low dynamic loads, due to local stress concentrations which occur at irregularities and cement lines 
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The third criticism is the most interesting one. It is argued that from the perspective of probability of survival it would be disadvantageous to rely on a structure in a continuous state of imminent failure. However, the probability of failure is dependent not only on the initiation of microcracks, but also, and foremost in these composite materials, on the rate of crack propagation. If the rate of remodelling has a wide margin over the rate of damage accumulation in physiological -if strenuous -functions, the probability of whole-bone fracture is not that high. In fact, such a mechanism would be extremely cost-effective in terms of material expenditure. Coming back to the airplane wing I discussed earlier, it must be noted that airplane manufacturers have long since given up the goal of designing airplanes of which the components would not fail in fatigue. It is much more cost-effective to monitor the crack initiation and crack propagation processes in critical parts of the construction, and replace components when their time is almost up. Presently, much research is being done on so-called «smart materials;' which have in-built stress or strain monitoring gauges which give a signal when damage accumulation of a critical construction part has reached the danger level. In summary, the idea of damage accumulation as a driving force for remodelling is not easily discarded and is worth investigating; it provides a simple and natural explanation of a seemingly complex phenomenon.
The alternative to micro damage as a signaling phenomenon is that cells must have . a mechanism to evaluate strains, pressures, strain-energy, or their derivatives, e.g., strain rates. This is not at all implausible. Cowin et al. (1991) , for example, have proposed a theoretical model according to which cells measure fluid transport as a result of local deformations.
Simulation of a Biological Control Process
To simulate bone remodelling, its parameters and variables must be described mathematically and a process formulation must be proposed. If we take the scheme of Fig. 1 as a basis, we may assume that local sensors create a remodelling stimulus F = F( S) for the actors, where S = SC~) is the mechanical signal, depending on location !.
The process formulation can then be written as
where M = M(!) is the local mass and 't is a time constant. The formula expresses that the rate of net bone resorption (dMldt < 0) or net bone deposition (dMldt > 0) is proportional to the value of the stimulus F. In the literature, several mathematical bone remodelling theories have been proposed, using different kinds of mechanical variables to represent the remodelling signal. The general forms of the stimulus functions (F), however, were usually very similar.
• Pauwels (1980) proposed F = F ((o-Og)n), where 0 is an actual stress component and Og an «ideal" stress at the same location; the exponent n was necessary to obtain a symmetric function, in which tension and compression play the same role. Later, a mathematical formula based on this assumption was used by Kummer and Lohscheidt (1985) in actual calculations of bone adaptation.
Cowin and associates Hegedus and Cowin 1976; Cowin 1986) in their «Theory of Adaptive Elasticitity" proposed strain to be the remodelling signal and used a function F = C (£-£ref) for the remodelling stimulus, where £ is the local strain tensor, £ref a reference strain tensor (or equilibrium strain tensor), and C is a matrix of constant coefficients. A practical problem of this theory is that C contains a relatively large number of unknown constants. A basic problem is that the theory assumes that tension and compression have opposite effects on bone maintenance, which I believe to be unrealistic. Carter et al. (1989) hypothesized that the local bone remodelling process would try to satisfy
where Q is the apparent density, m a number of loading cases out of a loading cycle, 0i an "effective stress)) for loading case i, M an exponent, ni a weighting factor and K a constant. It never became quite clear to me what this "effective stress)) was to be. Fyhrie and Carter (1986) introduce an "energy stress)) for this variable, defined as 0en
, where E is the elastic modulus and U the strain-energy density. But the possibility of a "failure stress)) was also mentioned. Later, the exponent 112M was changed to 11M (Carter et al. 1991) , and it was suggested.that M would be between 3 and 8 (Whalen et al. 1988 ). This hypothesis was used by Beaupre et al. (1990) in a remodelling process simulation study, using a stimulus function as in Eq. 3, whereby F represents again a balance between an actual and a reference value of the remodelling signaL Mattheck and Burkhardt (1990) use a stimulus function F = Om -Oref for their bone adaptation studies, in which the remodelling signal Om is taken as the v. Mises stress. Griiters (H. Griiters, personal communication, 1992) applies again a similar objective function, but instead of stress, relative strain-energy density is used as the remodelling signal.
Prendergast (1990) and McNamara et aL (1992) assume the remodelling signal to be related to the amount of micro damage present in the bone, using the stimulus function
-00 where tV = v,,(t,~ is the local damage accumulation rate associated with the:bone load, and wrefis a (constant) repair rate. Using principles of continuum damage theory, W is determined in a finite element (FE) model.
It is interesting to see that wherever predictions of bone development, maintenance, or adaptation were made with all these different simulation models, the results usually made sense. Although Pigorous experimental validation of these models has not been reported as yet -other than attempts at producing "sensible)) results as compared to isolated experimental findings reported in the literature -this already indicates that there may be very little difference between the effects of the mechanical variables assumed as remodelling signals. In an attempt to correlate initial mechanical signals with remodelling results Brown et al. (1990) and Fyhrie and Carter (1990) also found little discrimination between various possible mechanical variables. This is not at all surprising, since they all relate to the bone deformations, i.e., strains.
We have chosen to investigate the prospects of the strain-energy density (SED) as the remodelling signal (Huiskes et al. 1987 . The SED U(2f) is determined directly from the strain tensor £(2f) and the stress tensor 0(2f) as U = 1/2£0. We normalize this value to the apparent density Q = Q(2f), thus obtaining the mechanical signal value for a loading case i as Si = UJQ, which is in fact the local elastic (strain) energy stored per unit of bone mass for an external loading case i. Assuming that only the amplitudes of this strain-energy signal playa role, hence neglecting effects of frequency, we take m S=~L Si to act on, and Sref a reference signal value, the target for the signal S.
Remodelling can take place either internally, around the bone pores, or externally, at the outside surface of the bone. In the former case, the apparent density 0 is adapted and A signifies the amount of pore-surface area (Martin 1972 (Martin , 1983 ; in the latter case the outside boundary of the bone is adapted and A is the area of the periosteal surface.
In the computer simulation program, the biological control prQcess formulation is integrated with an FE model, whereby the resulting shape and internal apparent density distribution of a remodelling process are determined iteratively (Fig. 2) . In every iteration, the signal value S is determined per element according to Eq. 6, for the loading cases considered, by the FE code. From this value and the reference signal, the value of the stimulus F is determined according to Eq. 7. Using Eq. 3, the adaptation of the outside surfaces and the apparent densities for each element are calculated. The former are implemented by a change of surface coordinates in the FE mesh, and the latter by a change of elastic moduli E, using the relationship
where c and yare constants (Carter and Hayes 1977) . Then the next FE iteration starts, and this procedure continues until in each element either
where Qrnin is the minimum allowable apparent density and Qcb is the maximal allowable density, that of cortical bone.
Hence, in the case of internal remodelling only, the process description reduces to
where a is the pore-surface area per unit volume (Martin 1972 (Martin , 1983 , which governs the rate of the remodelling process, assuming that this rate is proportional to the amount of trabecular surface area available to the actors. It is evident from this description that the bone is assumed as a continuous (albeit nonhomogeneous), isotropic, linear elastic material. The morphological variables Q and a -the apparent density and the pore-surface area per unit volume -and the mechanical signal S, as derived from stresses and strains, are all considered as apparent variables, which are thought to be continuous over a finite volume. This implies that the local effects of discontinuities -such as pores -are neglected, but that their combined effects are superimposed and averaged in the volume concerned. This is a reasonable approximation only if the dimensions of the discontinuities are small compared to those of the volume considered (Harrigan et al. 1988) This approach also means that the morphological changes in bone structure are represented only by changes in local mass (or apparent density); hence, directionality of bone trabeculae and its effects on anisotropy are not considered.
Equation 3 is a generic one and, if the conceptual scheme of Fig. 1 is accepted, it cannot but be a true statement. Assuming that Sj = U/ Q is the remodelling signal for an external bone load is purely. hypothetical; it has no other defense than that it has interesting prospects. Equation 6 is no more than a very primitive representation of loading history, neglecting effects ofloading frequencies. Equation 8 is a fair approximation of the stiffness of trabecular bone, under the restrictions of continuity mentioned above. The parameters m, A, c, y, Qrnin' Qcb' and a can be measured if necessary, but the signal target value Sref and the time constant 1: cannot be evaluated directly. These uncertainties, inaccuracies, and simplifications notwithstanding, the results of this model are quite interesting, as we shall see in the next sections.
Application to Bone Development and Maintenance
To test the biological control model discussed above for its efficacy in predicting internal bone structure in develoDment and maintenance. we used a two-dimensio-
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nal (side-plated) FE odel of a proximal femur ). Initially, we assumed all bone to have a uniform density of Q = 0.8 g/cm3. Three loading cases out of a «daily loading history" were considered (m = 3), each consisting of a compressive force on the femoral head and a tensile force on the greater trochanter (Carter 1987 Huiskes et al. 1989 ).
The simulation was performed according to the scheme in Fig. 2 . Forward Euler integration with a constant time step /).t was applied to solve the iterative formulation. After every FE iteration the signal values in each integration point of each element were calculated from the stresses and strains and averaged per element. In accordance with Eq. 8, the resulting density adaptations per element during the time step considered were calculated and transferred to elastic moduli adaptations. Regarding this solution procedure from the perspective of the conceptual biological control process depicted in Fig. 1 , it is evident that every element in the model is considered as a "remodelling unit" with one single sensor and actors which only have effect in that same element. Hence, the resulting prediction to which the procedure converges represents an FE structure with a particular uniform density value in each element, which either satisfies S = Sref, is equal to Qmin or is equal to Qcb' The FE postprocessor then interpolates the density values per element to obtain an averaged, continuous distribution over the whole mesh. The result is shown in Fig. 3 , and it is in fact surprising that the most characteristic density features of a real femur are reproduced in this prediction, such as the cortical shells, the intramedullary canal, the metaphyseal cortical bone shells, Ward's triangle, and the typical density patterns in greater trochanter and femoral head. The actual numerical prediction of constant density per element is also shown for a small region in Fig. 3 ; evidently, the continuous, interpolated density distribution is based on a "checker-board" solution.
The solution discussed above, albeit surprisingly realistic, is based Oil'a honcontinuous density distribution, including many elements which are "empty" (Q = Qmin)'
To investigate this behavior further, Weinans et al. (1992) studied the characteristics of the proposed biological control model, using both analytical and simplified FE methods. Figure 4 shows an example of a density distribution we obtained with the simulation model in a simple pklte-like structure, loaded on the top by a compressive stress distribution which varies linearly over the width of the plate from a particular value on the left to zero on the right. Again the noncontinuous, checker-board solution is seen, with many elements converged to either Q = Qrnin or to Q = Qcb' and less converged to S = k. We discovered that the value of the exponent y in Eq. 8 plays a key role in this behavior. If y <1, the solution is a relatively smooth one, with virtually all elements satisfying S = k. If Y > 1, a "smooth" solution is unstable and the process converges to the checker-board. The reason for this behavior can be understood from an analytical point of view, assuming a structure in which only uniaxial strain occurs, ~hich is equal in all elements. In that case the process formulation for element i, using Eqs. 8 and 10, reduces to (11) where C 1 and C 2 are constants. This equation describes a process with positive feedback when y > 1 and negative feedback when y < 1. In other words, in the former case every element which is denser than its neighbors is rewarded by becoming denser still, at the expense of its neighbors. In the latter case, the situation is reversed and elements are forced to share the material available. For a more complex, realistic model this translates to a mechanism whereby, for y > I, higher loaded elements develop more mass than their neighbors, which again increases their loads at the expense of the neighbors, which again increases their densities, and this process continues until the rich ones are fully satisfied (Q = Qcb) at the expense of the poor ones
The problem of the checker-board solution for y > 1 is its discontinuity in relation to the FE model and the presumptions it is based on. As discussed earlier, the simulation model presumes continuity, and although this is indeed maintained per element, the resulting density patchwork is so discontinuous as to be prohibitive for a reasonable FE approximation of stress transfer. Hence, from a mechanical point of view, the smooth solution for y < 1 is to be preferred. However, there are two reasons for its rejection. One is that numerous mechanical tests of trabecular bone specimens have shown that yin Eq. 8 is somewhere between 2 and 3 (Carter and Hayes 1977;  Rice et al. 1988, Hodgskinson and Currey 1990) , certainly not less than 1. The second reason is that the positive feedback found for y > 1 in the control process description is consistent with the hypothesis of bone as a locally self-optimizing material, as discussed earlier. In fact Wolff (1892) suggested -again following Roux (1881) -that (c ••• the cells compete with each other, the tissues made of these cells compete, the organs made of these tissues compete and the groups of organs compete."
In summary, the application of the remodelling rule provides for structural details which are not realistic. However, their general nature is consistent with trabecular architecture as a conceptual solution of the biological, self-organizational optimization process the cells undertake. Later in this article we will see how this contradiction can be resolved. First I will discuss another aspect of remodelling simulation.
Adaptation versus Development and Maintenance
In the previous section, I took the target signal Sref in Eq. 10 to have a constant value k throughout the bone. In doing this I assumed that every remQdelling unit, i.e., each sensor cell assisted by its associated actors, strives for one unique value of its signal. Of course, if is not impossible that the cells throughout the bone have different goals, hence that Sref is location-dependent (Sref = Sre~~))' However, based on such an assumption, a simulation study as presented in the previous section would be near to impossible. The solution would no longer depend on an explicit hypothesis, but simply on the distribution of Sref(~) presumed, for which the number of possibilities is near infinite. Hence, any solution required could be realized. It is also unlikely that Sref would be location-dependent, in view of the realistic results presented in the previous section with the assumption that Sref is constant (Fig. 3) .
However, if the objective of a simulation study is only to study an adaptive process, i.e., the adaptation of bone shape and external structure as a result of changes in load, such an assumption can be very effective. In that case, one can assume that the target signal value Sref = Srel~) is equal to the actual signal value S = S(~) as it occurs in a reference configuration, e.g., the bone as it was before the change in load took place. Such an approach is particularly effective when one wishes to study the effects on a Fig. S. a A site-specific remodelling simulation can be performed by using art FE model of a reference configuration (e.g., an intact bone, left) and one of an actual configuration (e.g., a bone with prosthesis, right). The reference model is then used to determine the location -dependent reference signal value for a particular loading history and the simulation is then carried out relative to the actual model. ). b This figure shows the scheme for such a procedure, whereby both internal (density) remodelling (~Q) and external (periosteal) modeling (~x) are simulated. (Weinans et al. 1993; van Rietbergen et al. 1993) 
change in external load, or the effects of the placement of an implant (Huiskes et al 1987 Weinans et al. 1993; van Rietbergen et aL 1993) . A schematic illustration of such a procedure is shown in Fig. 5 . In this case two FE models are used, one of the preoperative, intact bone and one of the bone with the implant, a total hiD replace-
ment. An external loading configuration is defined and used in the preoperative model to determine the distribution of the signal. That same loading configuration is then applied to the FE model with the hip replacement and a remodelling simulation is started, whereby the target signal distribution SrerC~) is identical to S(!) found in the preoperative model. We found that when using this method of adaptive bone remodelling analysis, in association with Eqs. 3 and 6 -9, realistic results could be produced relative to animal experimental data (Weinans et al. 1993; van Rietbergen et al. 1993) , as illustrated in Fig. 6 . However, in order to obtain good similarity with the animal experiments simu- 6 . a Comparison between animal experimental bone remodelling around a bonded femoral hip stem at 2 years postoperative and the pre,diction by the simulation model, using the "conservative" theory according to Fig. 5 . Slices of the experimental (canine) operated bone and the control are shown. The simulation results represent the development of intramedullary density adaptations and cortical area adaptations in time, with the 2-year prediction at the right. When the latter is compared to the morphology in the experimental result, the similarity in medial! anterior cortical thinning and the trabecular density patterns is noted (Vleinans et aL 1993) . b) Results as in a, but this time relative to remodelling around an un1?onded stem and the average results in a canine series. The intermedullary bone densification is shown at 2 years postoperative for the experiment (with 95 % confidence interval indicated) and for the simulation. The density is measured as an average area fraction of bone per slice and the white bars give the results of the measurements in the control bones, which are also applied as the initial value for the FE model. (Van Rietbergen et al. 1993) lated, we had to assume that the bone requires a signal disturbance of at least (1±S(Sref before it reacts. Hence, Eq. 7 must be augmented by a threshold level s, which produces the stimulus function
The assumption of such a threshold level (or "dead zone") s to exist, may seem merely a trick necessary to fit the simulation results to the experiments, but in fact belief in its validity has a long history. Pauwels (1980) already suggested its existence. Carter (1984) believes that bone is "lazy" in reacting to loading disturbances near to the equilibrium value, and Frost (1964 Frost ( , 1987 Frost ( , 1992 introdll.ced the "minimum effective strain" (MES) threshold as a concept based on his observations.
It is unfortunate that in the literature these two approaches, constant value of the target signal on the one hand and location-dependent values on the other, are often confused. They are usually referred to as "non-site-specific" and "site-specific;' respectivel. The site-specific theory has been advanced by Cowin and associates in their "Theory of Adaptive Elasticity" Hegedus and Cowin 1976; Cowin 1986 ), by Hart et al. (1984a, b) , Griiters (personal communication, 1992) . McNamara et al. (1992) , and by our group (Huiskes et a11987, 1992; Weinans et al. 1993; van Rietbergen et al. 1993 ). Non-site-specific theories have been used by Carter and associates (Carter et al. 1989 (Carter et al. ,1991 Beaupre et al. 1990; Orr et al. 1990) , by Kummer and Lohscheidt (1985) , Mattheck and Burkhardt (1990) , Prendergast (1990) , and by our group Weinans et al. 1989 Weinans et al. , 1993 . We believe that the sitespecific theory, at least in the form we use, has proven itself as a valid one for application in simulations and predictions of long-term bone remodelling around implants -and hence; for preclinical testing of prosthetic designs -and we apply it.for that purpose. The non-site-specific theory, however, is directly related to Wolff's and Roux's hypotheses, and provides the opportunity to study bone behavior more fundamentally, as we shall see below.
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A Physiological, Osteocyte-Controlled Bone Regulation Process
As we have seen above, a remodelling rule applied in a non-site-specific sense to an FE model representing a bone volume produces a checker-board patchwork. This is caused by the positive feedback loop in the regulatory model, on the one hand, and by artifacts due to the FE mesh on the other. In the FE model each element was assumed to be a sensor for the mechanical signal and a controller of its own bone density. In reality, no such artificial (elemental) boundaries exist. We have therefore developed _ L the regulatory model further towards a more physiological formulation (Mullender et al. 1994; Mullender and Huiskes 1995) . We assume, like Roux (1881), Wolff (1892) , and many other authors since, that trabecular bone architecture is formed, maintained, and adapted by mechanical load. In order to test the viability of such a paradigm in a regulatory model, we must specify the potential controlling variables and parameters, and relate them mathematically. Central in our model is the assumption that mechanical load is sensed by osteocytes. These are thought to stimulate the actor cells in their environments in the bone remodelling process (Fig. 7a) . The actor cells, of course, are the osteoblasts and osteoclasts, organized in basic multicellular units (BMUs; Frost 1964) . Of all possible local expressions ofload, we selected strain-energy density as the mechanical signal the osteocytes are supposed to sense. The stimulus distributed by an osteocyte equals the difference between the signal sensed and a constant reference value. The amount of stimulus a BMU receives from a particular osteocyte depends on its distance away from it (Fig. 7b) . As a net effect of the total stimulus received by BMUs we consider the development of the local degree of bone mineralization m (!5::,t) dm(~t)
where 1: is a time constant and the local remodelling stimulus is
In this regulatory scheme SJt) (MPa) is the signal value in osteocyte i, N is the total number of osteocytes, and k (MPa) a reference energy value which the osteocytes are supposed to consider as normal. The function
weights the distances from the osteocytes (Fig. 7b) and is characterized by the parameter D (11m).
For the purpose of FE analysis, the variable tissue elastic modulus is calculated from the degree of mineralization using (Currey 1988) where C (MPa) and yare constants.
The input to this regulatory model comprises the directions and magnitudes of the external loads applied to the volume of bone studied, and its output is architecture, represented by a density pattern. Its physiological parameters are the reference energy k, the osteocyte density (derived from their total number N and the voiume considered), the exponential osteocyte influence function (chara.cterized by the distance parameter D), and the constants L, C, and y. When we applied this regulatory scheme to a two-dimensional FE model of a square plate, using realistic values for the parameters , we saw the emergence of a trabecular architecture from a homogeneous field (Fig. 8) . The morphology and dimensions of the trabeculae have a realistic appearance, with an orientation loosely in accordance with that of the (external) principal stresses. When we changed the orientation of the external stresses, the trabecular architecture adapted accordingly .
What we have in fact accomplished here is to prove that the paradigms of Roux (1881) and Wolff (1892) can be realized with a very simple regulatory scheme governed by a limited number of physiological parameters. These parameters are the external loading characteristics (magnitude and orientation), the maximum degree of mineralization (which is coupled to tissue elastic modulus), the reference energy k (which implicitly represents osteocyte mechanosensitivity), the osteocyte density (number per unit volume), and the osteocyte regional influence distance D. Only the value of D cannot be estimated in any way as yet, as it is simply unknown:~·For all other parameters reasonable estimates can be determined .
In parametric analysis it turned out that, in the simulation model, the osteocyte density determines remodelling velocity only, while the distance parameter D determines the refinement of the architecture, measured by the average trabecular thickmss (Fig. 9) . It is known that small animals have faster metabolism than large ones. Hence, if our model is valid, this would imply that osteocyte density is inversely correlated with animal size. This is indeed what we found from measurements in the femoral heads of five species (Mullender et al. 1996b) . Furthermore, as osteocyte cells are consistent in magnitude and morphology in the vertebrates, it is reasonable to assume that osteocyte influence distances would also be Hence, the osteocyte communication reach determines the "refinement" of the architecture similar. Our regulatory model predicts, in this case, that the average trabecular thickness in vertebrates is very similar as well. This is precisely what we found in these same five species (Mullender et aL 1996b) .
In addition, we found that the model predicts the disappearance of unloaded (e.g., broken) trabeculae . This is often seen in histology as well. In its three-dimensional form (van Rietbergen et al. 1995) , the model predicts the emergence of plate-like rather than strut-like architectures when shear stress preinitial formation of plates due to shear loading performation of plates after bone disuse Fig. 10 . When shear loads are applied to a cubic lattice structure, the regulatory model predicts the genesis of a plate-like architecture. Subsequent reduction of the load by 40 % results in bone loss by perforation of the plates. (Van Rietbergen et al. 1995) sides (Fig. 10) . This is also found in morphology of bone at locations subject to shear stress (Dalstra et al. 1993) . Finally, the model predicts bone mass enhancement where stresses are high, reduction where they are low, and alignment of trabecular architecture with the principal stresses , as Wolff noted ftom his anatomical specimens. In short, our proposed regulatory model seems consistent with actual bone morphological features. Of course, the matter of validity must be studied further before we can actually apply the simulation model in the sense that Wolff implied, to quantitatively predict the development of bone morphology in degeneration or treatment. Nevertheless, the results of the model have already led to renewed inter~t in osteocytes as controllers of bone metabolism and the pathophysiology of osteoporosis (Mullender et al. 1996a ).
Closing Remarks
A reviewer of one of our articles, when discussing the simulation model, commented that we had not really learned anything about bone, just about a computer procedure. I found this a very interesting observation indeed, and it kept me awake on many occasions, because it pierces right into the heart of our scientific philosophy (and that of many others), Wolff thought he learned a great deal about bone by comparing its morphology to the stress trajectories in Culm ann's graphic statics crane model, but did he really? Or did he just learn something about graphic statics? Did Newton learn anything about apples when applying his law of gravity to their falls? Probably not, but he could certainly predict the forces by which they hit the lawn. Newton's law is till a very versatile tool of engineering mechanics, even though Einstein proved that it was wrong. If I had a mathematical law which could, very precisely, predict the relati0nship between loads and morphology of bone, would I then have proven how the biological control process of bone remodelling works? Certainly not; I would just have a mathematical tool to pl'.edict its outcome (Huiskes 1995) . And whatever I did to validate its predictions, I could never validate the model itself, which would put me in the same position as Newton and Einstein. True models only exist for man-made constructions, not for natural processes. No one has succeeded in verifying Hooke's law oflinear elasticity in the crystal structure of metals, but that does not make it less useful for predicting their mechanical behavior. I would be fully satisfied with a theory producing valid quantitative predictions for the morphological consequences of bone development, maintenance, and adaptation. Whether it is "true" is not the issue; the Doint is whether it is useful. J..
-------------------~ However, we are not nearly there, of course. This is still the era of speculation, and in this light I can appreciate the remark of the reviewer. But I also believe that the kind of research I have discussed here precisely follows the line first laid out by Roux and Wolff, and that this line will get us, eventually, to where we want to be.
